SUMMARY We propose a method to prevent the degradation of decoded MPEG pictures caused by video transmission over error-prone networks. In this paper, we focus on the error concealment that is processed at the decoder without using any backchannels. Though there have been various approaches to this problem, they generally focus on minimizing the degradation measured frame by frame. Although this frame-level approach is effective in evaluating individual frame quality, in the sense of human perception, the most noticeable feature is the spatio-temporal discontinuity of the image feature in the decoded video image. We propose a novel error concealment algorithm comprising the combination of i) A spatio-temporal error recovery function with low processing cost, ii) A MB-based image fidelity tracking scheme, and iii) An adaptive post-filter using the fidelity information. It is demonstrated by experimental results that the proposed algorithm can significantly reduce the subjective degradation of corrupted MPEG video quality with about 30% of additional decoding processing power. key words: error concealment, MPEG, H.264/AVC, error resilience
Introduction
Because of its high coding efficiency, MPEG has been widely used in a variety of applications including storage media, broadcasting services, and communication services. Especially, such video applications as IPTV and video chat/conference over the Internet become very popular due to advances of high-speed networks [1] . Since these video applications are performed over error-prone network using realtime protocol such as RTP, severe image corruption may occur due to a transmission error or packet loss. Therefore, various techniques have been proposed to maintain QoS over such networks. They can be mainly categorized into three types in terms of error resilience concept.
The first approach aims to increase the error resilience of the transmitting bit stream itself on the sender. One solution is to employ Forward Error Correction (FEC) or Packet Duplication (PD). This solution recovers lost information using redundant information. Using the data redundancy, the receiver can reconstruct the erroneous stream correctly. In a typical case of using FEC over IP network whose packet loss ratio is about 1.0%, data amount increases more than 20% to maintain picture quality. Another solution is to insert Intra-MB or Intra-pictures at the cost of coding efficiency. The Intra-MB/Picture insertion helps early recovery from erroneous decoded picture.
The second approach is to use interaction between sender and receiver for preventing error propagation in the decoded images. Typical techniques are Automatic Retransmission reQuest (ARQ) [2] . In this concept, the receiver informs receiving status to the sender. Then the encoder will resend or change coding modes according to the degree of error. Although this method can be used for both realtime and VOD applications as long as retransmission is effective, reasonable roundtrip time is required and it is limited to unicast type applications.
The third approach is the use of error concealment (EC, hereafter) technique on the receiver side alone. This approach aims to reconstruct the decoded image from the corrupted image using spatio-temporally adjacent images. One simple concealment technique is to copy an image from collocated region in the previously decoded picture. Since this technique can be used independently from encoder, it can be combined with above mentioned methods such as FEC.
In this paper, we focus on the third approach EC due to the following reasons. 1) Essential: Error-free transmission cannot be established even when using both the first and the second error resilience approaches over error-prone networks such as UDP. The EC scheme on the receiver is essential. 2) Independent: As described in the above, the EC scheme can be used independently on the decoder, therefore it can be applicable to multicast type streaming as well as unicast streaming. Moreover, it is applicable in receiving offline encoded contents such as VOD as well as live streaming.
There have been various approaches to the EC on the decoder. Among them, major approaches try to minimize PSNR degradation in each frame independently. It is, however, not sufficient in terms of maintaining perceptual quality of the decoded video [3] . PSNR is known as one of the reliable measure for objective picture quality, but it does not always reflect the subjective quality of human perception. There exist several concepts for the subjective quality measurement. But in most cases, they focus on the spatial discontinuity in image feature. It is also important that temporal discontinuity of image feature should not be changed abruptly to maintain subjective picture quality.
In this paper, we focus on not only the frame-level recovery but also reduction of spatio-temporal discontinuity in the error-concealed picture. In Sect. 2, we briefly review These temporal EC techniques perform quite well on most frames. But when temporal discontinuity exists due to scene changes or occlusions, another approach such as hybrid EC is required. The hybrid EC is described in the following subsection.
Hybrid EC (HEC)
The hybrid error concealment (HEC, hereafter) technique employs spatial-and temporal-EC adaptively according to scenes by the picture or by the MB unit [10], [11] . Generally, scene change detection is needed for switching the spatial and temporal EC. Spatial EC is to be employed when a scene change is detected. If no scene change is detected, temporal EC will be employed [12], [13] . Another HEC is combined EC which utilize information of spatial and temporal neighbors [14] .
As an example for practical system, H.264/MPEG-4 AVC non-normative decoder adopts bi-linear interpolation where definitions of symbols are as follows, dsm: Side match distortion. YOUTj: pixel value of jth outside pixel which is adjacent to MB boundary. Y(mv)INj: Refernce pixel value of jth inside pixel which is adjacent to MB boundary with motion vector mv. N: Number of pair of pixels YINj and YOUTj on MB boundary.
Proposed Method
In most of the previously proposed schemes for EC, they have tried to minimize MSE or maximize PSNR value for each picture. However, perceptual criterion for image degradation does not always relate to the PSNR measurements. This means that a scheme other than frame based PSNR evaluation is required to improve subjective picture quality for EC. In this paper, we focused on minimizing PSNR fluctuation. Moreover, we took computational complexity into account aiming at light processing. Perceptual quality degrades due to abrupt change. (2)
In addition to the basic rule, we set a limit to the filter strength alteration between consecutive frames for each MB. For example, when an error concealed MB in the previous picture is Intra-coded in the current picture, MB fidelity level is set from the lowest to the highest. In this case, the filter strength for the MB does not change from F3 to F0 abruptly. Instead of that, filter strength changes from F3 to F2 gradually and to F0 using four consecutive frames as shown in Fig. 6 . Because of the limitation that set to the filter strength alteration of each consecutive frame, we can avoid temporal gap in filtered image feature and improve the subjective picture quality.
Since the post-filter is also employed to non-corrupted regions, it may degrade in terms of frame based PSNR value while avoiding abrupt picture quality changes.
Experimental Results
We have performed several experiments using the proposed algorithm. At first, we compared the proposed method HEC+APF with the same EC scheme without the post-filter function. Table 1 shows the simulation condition.
Performance Comparison-APF
Figure 7 (a) shows a result of a decoded picture. The lost MBs are displayed as black block in the figure. The lost MBs are concealed using the proposed method without postfilter ( Fig. 8 (a) ) and with post-filter (Fig. 8 (b) ). As can be seen from the figures, the concealment introduces horizontal gap especially around the block boundary. Figure 7 (b) shows a result of the fidelity level for each MB location. The post-filter is adaptively applied to each MB according to the fidelity level that is explained in Sect. 3.6. This adaptive post-filter makes it possible to alleviate artificial noise in the concealed MBs while maintaining picture quality of MBs without error propagation. From our subjective quality evaluation by the playback of these error concealed streams, we aware horizontal gap occurrence at the presence of the error-concealed frame without APF. But in the sequence with APF, the awareness of the gap is greatly alleviated.
Performance Comparison-Overall
In order to evaluate the effectiveness of the proposed method, we compared PSNR among the following seven EC methods and the case of no MB loss. In this comparison, we used test sequence with a scene change by connecting Football to Cheerleaders. Proposed EC with adaptive post-filter.
In the simulation stream, I-picture is inserted every 15th frame and there is a scene change at the 25th frame. Regarding MB level loss, there are MB loss in 20th, 25th, and 27th frame. Figure 9 shows a decoded image of 20th frame in the method-1. The MB level loss ratio is about 6.7%. Figure 10 shows the PSNR result around these MB losses. As can be seen from Fig. 10 , three major PSNR degradations are recognized when MB loss or scene change occurred. Moreover, there is a major PSNR improvement at the presence of I-pic after MB loss. Thus it is apparently ideal to suppress PSNR degradation when MB loss happened, and also effective to suppress overall PSNR fluctuation.
At the presence of the first MB loss in 20th frame and the second MB loss in 25th frame, the proposed methods (Method-P1/-P2) score high PSNR compared to conventional methods. This PSNR gain is contributed by the proposed temporal EC scheme. Though the proposed method simply selects MV of above/below adjacent MB, the proposed method can maintain high PSNR when motion of the lost region is correctly restored.
The proposed Method-P1, -P2 can determine MV for the lost region directly from MVs adjacent to the target MB with little calculation while maintaining high PSNR. Table 2 shows a comparison of computation time as the evaluation of computational complexity between our proposed methods (Method-P1, -P2) and the conventional methods (Method-4, -5) for the determination of MVs.
As can be seen from the table, the computation time for MV determination in the proposed method is almost twothirds of that in the Method-4 and almost the same as that in the Method-5. From the PSNR comparison among Method- Decoded image of 25th frame in the Method-1. 4, -5 and Method-P1 in 25th frame and subsequent frame, it is clear that the proposed method can score higher PSNR than conventional methods with the same computation time as that in Method-5. At the presence of the third MB loss in 27th frame which is the first frame after a scene change. PSNR of the temporal EC method (Method-3) degrades severely compared to other EC method including our proposed methods (Methods-4, -5, -P1, P2). This PSNR difference is achieved by the employment of spatial EC instead of temporal EC at the scene change point in (Methods-4, -5, -P1, P2).
At the presence of the I-picture at 31st frame without any MB loss, sudden PSNR increase of methods except Method-P2 can be recognized. On the contrary in Method-P2, the PSNR value gradually returns to normal value in several subsequent frames. The difference between Method-P1 and Method-P2 is caused by the post-filtering function. Since the fidelity level of all MBs in the 31st frame is changed to the highest, the strength of the adaptive post-filter decreases gradually as explained in Fig. 6 . From the PSNR comparison between method without postfilter (Method-P1) and method with post-filter (Method-P2), PSNR of the Method-P2 is slightly lower than that of the Method-P1 due to filtering of correctly decoded regions. However, the application of the filter greatly contributes to the PSNR fluctuation at the presence of Intra-pictures after EC.
To verify this observation, we investigated PSNR transition between Method-P1 (HEC without APF) and Method-P2 (HEC+APF). Figure 11 shows absolute difference of PSNR between consecutive frames using Method-4, Method-P1, and Method-P2. In three methods, there are salient PSNR differences at the presence of MB loss and scene change. At frames #20th, 25th, 31st, PSNR difference between consecutive frames in the proposed Method-P2 scores the lowest value among three methods. At frame 27th, PSNR difference of the proposed Method-P2 does not score the lowest value among three. However, please notice that the value does not make any sense because there is a scene change between frames 26th and 27th. But the PSNR change of the proposed Method-P2 is greatly reduced around the presence of I-pic after the scene change. Originally, PSNR fluctuation at the presence of I-pic should not be presented because it is caused only by the coding mode selection in the encoder. Suppression in PSNR gap around Intra-picture using HEC+APF greatly contributes to subjective picture quality improvement. The absolute PSNR difference around Intra-picture is kept less than 6dB in Method-P2. Method-P2 is the only method whose absolute difference in PSNR(Y) is suppressed to less than 6dB in all pictures. From the result in Fig. 10 and Fig. 11 , the proposed method HEC+APF alleviates PSNR fluctuation around the presence of Intra-pictures while maintaining total PSNR. Moreover, we have observed that the subjective picture quality of Method-P2 is apparently better than that of Method-P1, especially in terms of temporal quality fluctuation around I-pic.
As for the computational time comparison between Mehtod-P1 and Method-P2, the computational complexity of Method-P2 is 1.3 times of that of Method-P1. Most of this increase is occupied by the adaptive post-filtering approach.
Conclusion
In this work, we propose a novel EC scheme which is composed of hybrid EC function, fidelity tracking, and adaptive post-filter function. The proposed scheme aims to reduce spatio-temporal change in decoded picture while maintaining picture fidelity. MB fidelity tracking is used to estimate subjective picture quality in the error concealed image. In the adaptive post-filtering stage, the strength of the spatial smoothing filter is controlled according to the estimated fidelity level of each MB. The estimation of fidelity level enables us to avoid oversmoothed. filtering to where error concealment works appropriately in terms of subjective picture quality. Moreover in the EC stage, directional spatial concealment and temporal concealment are adaptively applied, which requires small amount of calculation. From the simulation result, we confirmed that the proposed method suppresses not only PSNR degradation but also PSNR fluctuation which affects to subjective picture quality. The proposed method requires about 30% increase of the decoding process.
In the near future, we will replace spatio-temporal concealment function and adaptive post-filter function to complex version to further suppress picture quality degradation.
